A tetragonal phase is predicted for Hf 2 O 3 and Zr 2 O 3 using density functional theory. Starting from atomic and unit cell relaxations of substoichiometric monoclinic HfO 2 and ZrO 2 , such tetragonal structures are only reached at zero temperature by introducing the oxygen vacancy pair with the lowest formation energy. The tetragonal Hf 2 O 3 and Zr 2 O 3 structures belong to space group P4m2 and are more stable than their corundum structure counterparts. These phases are semi-metallic, as confirmed through further G 0 W 0 calculations. The carrier concentrations are estimated to be 1.77 × 10 21 cm −3 for both electrons and holes in tetragonal Hf 2 O 3 , and 1.75 × 10 21 cm −3 for both electrons and holes in tetragonal Zr 2 O 3 . The tetragonal Hf 2 O 3 phase is probably related to the low resistivity state of hafnia-based resistive random access memory (RRAM).
Hafnia (HfO 2 ) and zirconia (ZrO 2 ) are found in a number of important technological applications. 1, 2 In particular, hafnia has become a key component in sub-micrometer silicon MOS technology as the current choice of high permittivity dielectric layer. 3 In addition, it is also a promising candidate material for resistive random access memory (RRAM), which is one of the leading technologies for the next-generation non-volatile memory. [4] [5] [6] [7] The core element of RRAM is a metal/insulator/metal capacitor which is subject to an electroforming process, where a high electric field (some MV/cm) is applied across the capacitor to create conduction paths in the insulating thin film, here named filaments. These filaments are of unknown composition or shape, and can be easily disturbed under electrical stress, leading to a memory effect. Knowing the composition of the filaments is crucial to the understanding of RRAM's physics. Previous work on TiO 2 RRAM reveals that the conductive filament is possibly due to Ti n O 2n−1 Magnéli phases, where the value of n is mostly 4 or 5. 8 For hafnia RRAM, the structure of the conductive filaments has not been reported, though it is widely accepted that the filaments are associated to an oxygen-deficient phase. 9, 10 Since the impact of electroforming is expected to occur in small and random patches of the capacitor, experimental investigation of the filaments suffers from great difficulty.
In the present paper we employ first-principles density functional theory 11 25 These results are in accord with the experimental values, which are -1145 kJ/mol for hafnia and -1101 kJ/mol for zirconia. 
where E D is the energy of the defective supercell, E 0 is the energy of the defect-free supercell high-resolution transmission electron microscopy of a conducting HfO 2−x thin film where the enlarged inverse Fourier-transformed images show a similar structure as in Fig. 3 In conclusion, we have predicted tetragonal semi-metallic Hf 2 O 3 and Zr 2 O 3 structures as the ground state highly oxygen deficient hafnia and zirconia which undergo a monoclinic-to-tetragonal phase transition. Their semi-metallic properties are characterized by an overlap of the valence band maximum and conduction band minimum at different points of the Brillouin zone, and by
